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We have reported previously that ocular infection of different strains of mice with recombinant herpes simplex virus 1 (HSV-1)
constitutively expressing interleukin-2 (IL-2) provokes central nervous system (CNS) demyelination and optic neuropathy, as
determined by changes in visual evoked cortical potentials and pathological changes in the optic nerve and CNS, whereas recom-
binant viruses expressing IL-4, gamma interferon, IL-12p35, IL-12p40, or IL-12p70 do not induce this neuropathy. The goal of
this study was to dissect the mechanism underlying the interplay between the immune system (elevation of IL-2) and an environ-
mental factor (infection with HSV-1) that elicits this pathology. Similar results were obtained upon delivery of IL-2 into the
mouse brain using osmotic minipumps or injection of mice with recombinant IL-2 protein, IL-2 DNA, or IL-2 synthetic peptides
prior to infection with wild-type (wt) HSV-1 strains McKrae and KOS. The critical role of IL-2 is further supported by our data,
indicating that a single mutation at position T27A in IL-2 completely blocks the HSV-1-induced pathology. This study shows a
novel model of autoimmunity in which viral infection and enhanced IL-2 cause CNS demyelination.

Several lines of evidence implicate interleukin-2 (IL-2) in the
pathology of multiple sclerosis (MS) (1–4). Patients with MS

have elevated levels of IL-2 in their sera and cerebrospinal fluid
(CSF) (1–4). The soluble IL-2 receptor (sIL-2R) is also elevated in
the sera and CSF of patients with MS (3, 5–10). These clinical
findings of elevated IL-2 levels (and lower than normal IL-4 levels)
in the sera of MS patients suggest a possible link between IL-2 and
the onset of MS. Furthermore, supernatants harvested from T
lymphocytes of MS patients cause damage to myelin and glial cells
in vitro (11, 12), suggesting that the MS T lymphocytes produce
demyelination factors and are activated in vivo.

In order to investigate the role of cytokines in demyelination in
a viral model of MS, we had constructed a panel of recombinant
herpes simplex virus 1 (HSV-1) isolates that constitutively express
murine cytokines, including IL-2 (13), IL-4, gamma interferon
(IFN-�), IL-12p35, or IL-12p40 (14–16). Using these viruses, we
have shown that infection of different strains of mice with a re-
combinant HSV-1 strain constitutively expressing IL-2 (HSV–IL-
2), but not HSV–IL-4, HSV–IFN-�, HSV–IL-12p35, or HSV–IL-
12p40, results in demyelination of the optic nerves (ONs), the
spinal cords (SCs), and the brains of the infected mice, as deter-
mined by histologic examination of tissues obtained at necropsy
(17, 18). In addition, the HSV–IL-2-infected mice developed optic
neuropathy, as determined by changes in the visual evoked corti-
cal potentials (VECPs) (18). Using knockout mice, depletion, and
transfer studies, we found that both CD8� and CD4� T cells con-
tributed to HSV–IL-2-induced central nervous system (CNS) de-
myelination, with CD8� T cells being the primary inducers (19).
We have also found that infection of mice with a recombinant
HSV-1 isolate expressing IL-12p70 or injection of mice with IL-
12p70 DNA blocks the CNS demyelination induced by HSV–IL-2
(19, 20).

Since the recombinant HSV–IL-2 is not a naturally occurring
virus, we used an Alzet osmotic minipump to transfer IL-2 into
the brains of recipient mice prior to ocular infection with wild-
type (wt) HSV-1 (rather than HSV–IL-2). We also tested the effect
of administration of IL-2 DNA, IL-2 site-specific mutants, and
synthetic peptide fragments prior to infection with wt HSV-1. We

demonstrate that a single mutation in amino acid (aa) 27 of IL-2
abolishes CNS demyelination in mice ocularly infected with wt
HSV-1. Thus, analysis of the mechanisms by which the enhanced
levels of IL-2 in combination with viral infection elicit CNS demy-
elination suggests that full-length IL-2 is not required to induce
CNS demyelination and further suggests that the region of IL-2
that is involved in CNS demyelination involves the region of IL-2
at aa 27. Collectively, these results provide evidence that this
HSV-1 model represents a valid alternative to other commonly
used models of MS.

MATERIALS AND METHODS
Ethics statement. All animal procedures were performed in strict accor-
dance with the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision Research
(http://www.arvo.org/About_ARVO/Policies/Statement_for_the
_Use_of_Animals_in_Ophthalmic_and_Visual_Research/) and the
guidelines in the National Research Council’s Guide for the Care and Use of
Laboratory Animals (21). The animal research protocol was approved by
the Institutional Animal Care and Use Committee of Cedars-Sinai Med-
ical Center (protocol 2841).

Mice and viruses. Female BALB/c and C57BL/6 mice (age, 6 weeks)
were purchased from The Jackson Laboratory. Plaque-purified HSV-1
strain McKrae (virulent wild type) or KOS (avirulent wild type) and a
recombinant HSV-1 strain expressing IL-2 (13) were grown in rabbit skin
(RS) cell monolayers in minimal essential medium (MEM) containing 5%
fetal calf serum (FCS), as described previously (13, 14, 16). The McKrae
virus strain is virulent at an infectious dose of 2 � 105 PFU/eye, whereas
the KOS virus strain and HSV–IL-2 are attenuated. We have shown pre-
viously that the recombinant HSV–IL-2 expresses IL-2 at high levels in
different tissues (13).
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Murine recombinant IL-2 (rIL-2) infusion. An Alzet miniosmotic
pump (Alzet brain infusion kit 1; Cupertino, CA) was intracranially (i.c.)
implanted into the back of the skull of female C57BL/6 mice through a
small skin incision. Wound edges were repaired with surgical clips. Most
animals began to regain weight 3 to 4 days after surgery. The osmotic
pumps were loaded under sterile conditions with 30 �g of purified murine
IL-2 (mIL-2; Peprotech, Rocky Hill, NJ) in 100 �l of phosphate-buffered
saline (PBS), and 1 �g IL-2 was continuously infused for 24 h. Two weeks
after IL-2 infusion, some mice were ocularly infected with 2 � 105 PFU/
eye of HSV-1 strain McKrae or KOS. Control mice were infused with a
similar volume of IL-2 without HSV-1 infection. Mice were sacrificed at
14 days postinfection (p.i.), and CNS tissues were stained with Luxol fast
blue (LFB). In addition, in some mice the same osmotic pump was im-
planted subcutaneously at the side and the mice were ocularly infected
with HSV-1 strain McKrae.

DNA injection. The complete open reading frame (ORF) of murine
IL-2 or the IL-2A, IL-2B, IL-2A1, or IL-2A2 fragment, as well as that of
full-length IL-2 with one mutation or three mutations, was cloned into the
BamHI site of the VR-1055 expression vector as we described previously

(22). Full-length natural murine IL-2 and its various forms used in this
study were synthesized by GenScript (Piscataway, NJ). Plasmid DNA en-
coding each full-length sequence or each fragment of IL-2 was purified on
a cesium chloride gradient. In each experiment, 10 mice per group were
inoculated intramuscularly (i.m.) with 25 �g DNA into each quadriceps
on days 0, 7, and 14 before ocular infection. As a negative control, mock-
vaccinated mice were similarly injected with vector DNA alone. Injected
mice were ocularly infected 4 h after the third injection.

IL-2 protein injection. Purified rIL-2 was purchased from Peprotech.
The rIL-2 was emulsified 1:1 in complete Freund’s adjuvant (CFA) or
incomplete Freund’s adjuvant (IFA). On day 0, 10 mice per group were
injected subcutaneously in the shoulder with 10 �g of rIL-2 in CFA; on
days 7 and 14, the mice were injected with the rIL-2 in IFA. As negative
controls, mice were similarly injected with adjuvants alone. Injected mice
were ocularly infected 4 h after the third injection.

Peptide synthesis. A panel of 32 overlapping murine IL-2 peptides
spanning the entire IL-2 protein sequence (15-mers with 10-aa overlaps)
was synthesized by Mimotopes (San Diego, CA), and the peptide se-
quences are as follows: peptide 1, MYSMQLASCVTLTLV; peptide 2, LA
SCVTLTLVLLVNS; peptide 3, TLTLVLLVNSAPTSS; peptide 4, LLVNSA
PTSSSTSSS; peptide 5, APTSSSTSSSTAEAQ; peptide 6, STSSSTAEAQQ
QQQQ; peptide 7, TAEAQQQQQQQQQQQ; peptide 8, QQQQQQQQ
QQQHLEQ; peptide 9, QQQQQQHLEQLLMDL; peptide 10, QHLEQL
LMDLQELLS; peptide 11, LLMDLQELLSRMENY; peptide 12, QELLSR
MENYRNLKL; peptide 13, RMENYRNLKLPRMLT; peptide 14, RNLKL
PRMLTFKFYL; peptide 15, PRMLTFKFYLPKQAT; peptide 16, FKFYLP
KQATELKDL; peptide 17, PKQATELKDLQCLED; peptide 18, ELKDLQ
CLEDELGPL; peptide 19, QCLEDELGPLRHVLD; peptide 20, ELGPLRH
VLDLTQSK; peptide 21, RHVLDLTQSKSFQLE; peptide 22, LTQSKSFQ
LEDAENF; peptide 23, SFQLEDAENFISNIR; peptide 24, DAENFISNIR
VTVVK; peptide 25, ISNIRVTVVKLKGSD; peptide 26, VTVVKLKGSD
NTFEC; peptide 27, LKGSDNTFECQFDDE; peptide 28, NTFECQFDDE
SATVV; peptide 29, QFDDESATVVDFLRR; peptide 30, SATVVDFLRR
WIAFC; peptide 31, DFLRRWIAFCQSIIS; and peptide 32, WIAFCQSIIS
TSPQ. The purity of the original peptides synthesized was at least 90%. All
peptides were dissolved in dimethyl sulfoxide at a concentration of 1
�g/�l and stored at �20°C.

IL-2 peptide injection. Mice were injected 3 times with 1 �g of each
peptide individually or with combined peptides in adjuvant. On day 0, five
mice per group were injected subcutaneously in the shoulder with each
individual peptide or combinations of peptides in CFA; on days 7 and 14,
the mice were injected with each individual peptide or combinations of
peptides in IFA. As negative controls, mice were similarly injected with
adjuvant alone. Injected mice were ocularly infected 4 h after the third
injection.

Ocular infection. Mice were ocularly infected with 2 � 105 PFU of
strain McKrae, strain KOS, or recombinant HSV–IL-2 per eye. Each virus
was suspended in 2 �l of tissue culture medium and administered as an
eye drop. In contrast to mice with the C57BL/6 background, which are
refractory to McKrae infection, mice with the BALB/c background are
highly susceptible to McKrae infection. Thus, mice with the BALB/c back-

FIG 1 Histologic analyses of IL-2 infusion in HSV-1-infected mouse CNS.
Female C57BL/6 mice were treated by continuous infusion of purified mIL-2
administered via an Alzet microosmotic pump (1 �g/24 h) over successive
14-day periods. The pumps were inserted i.c. into the back of the skull of the
mice through a small skin incision, and IL-2 was delivered into the cerebral
ventricles using the Alzet brain infusion kit 1. Wound edges were repaired with
surgical clips. Most animals began to regain weight 3 to 4 days after surgery.
Osmotic pumps were loaded under sterile conditions with 30 �g of mIL-2
(Peprotech) in 100 �l of PBS. Two weeks after IL-2 infusion, some mice were
ocularly infected with 2 � 105 PFU/eye of HSV-1 strain McKrae. Control mice
were mock infected with a similar volume of medium without HSV-1 infec-
tion. wt control mice were similarly infected with HSV-1. Mice were sacrificed
at 14 days p.i., and CNS tissues were stained with LFB. Arrows, areas of demy-
elination. (A) Results obtained when the pump was inserted i.c.; (B) results
obtained when the pump was inserted in the side.

TABLE 1 Demyelination in the CNS of mice that received rIL-2 by
microosmotic pumps implanted in the sidea

Treatment

No. of mice with demyelination/total no.
of mice tested (%)

Brain SC ON

rIL-2 protein � HSV-1 2/7 (28) 4/7 (57) 0/0
rIL-2 protein 0/0 0/0 0/0
HSV-1 0/0 0/0 0/0
a Microosmotic pumps delivering rIL-2 were implanted subcutaneously into the side of
C57BL/6 mice, and 14 days later the mice were ocularly infected with HSV-1 strain
McKrae. Demyelination was assessed at 14 days p.i.
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ground were infected with the KOS virus rather than the McKrae virus.
Corneal scarification was not used in this study for either strain.

Preparation of ON, SC, and brain for pathological analysis. The
ONs, SCs, and brains of infected mice were removed at necropsy on day 14
p.i. The ONs, SCs, and brains were collected from experimental and con-
trol mice and then placed in Tissue-Tek OCT embedding medium
(SaKura Fintek, Torrance, CA) and stored at �80°C. Transverse sections
of each tissue (thickness, 8 to 10 �m) were cut, air dried overnight, and
fixed in acetone for 3 min at 25°C (23). Demyelination in each section was
confirmed by monitoring adjacent sections.

Analysis of demyelination using LFB staining. The presence or ab-
sence of demyelination in the ONs, SCs, and brains of infected mice was
evaluated using LFB staining of formalin-fixed sections of ON, SC, and
brain as we described previously (17). Every 4th section of ON, SC, and
brain was stained with LFB.

Statistical analysis. Fisher’s exact tests were performed using the com-
puter program Instat (GraphPad, San Diego, CA) to compare demyelina-
tion in infected mice with the absence of demyelination in control groups.
Results were considered statistically significant when the P value was
�0.05.

RESULTS
Murine IL-2 infusion following ocular HSV-1 infection induces
demyelination in mice infected with wt HSV-1. Our published
data establish that ocular infection of mice with HSV–IL-2 elicits
demyelination of the optic nerve, spinal cord, and brain (18–20,
24). In these studies, we looked at the time course of appearance of
demyelination in mice infected with HSV–IL-2 (18–20, 24). De-
myelination was not detected in any of the HSV–IL-2-infected
mice on day 3 or 7 p.i.; however, demyelination was initially de-
tected on day 10 p.i. Demyelination was also detected on days 30
and 60 p.i. Overall, the patterns of demyelination plaques ob-
served on days 10, 30, 60, and 75 p.i. were similar to those observed
on day 14. Thus, in this study, we looked at demyelination on day
14 p.i. As the recombinant HSV–IL-2 is not a naturally occurring
virus, we generated an alternative approach for delivery of the IL-2
using an Alzet microosmotic pump loaded with murine IL-2 pro-
tein, as described in Materials and Methods. Mice were ocularly
infected with virulent HSV-1 strain McKrae or mock infected and

sacrificed at 14 days p.i. Representative photomicrographs of
Luxol blue-stained sections of the brain, SC, and ON from mice
infected with McKrae and mIL-2, mice not infected but treated
with mIL-2, or mice infected and not treated with mIL-2 are
shown in Fig. 1. Consistent with the results obtained when mice
were infected with HSV–IL-2 (18–20, 24), administration of mu-
rine IL-2 using an implanted miniature osmotic pump and ocular
infection with wt HSV-1 induced demyelination in the ON, SC,
and brain of all mice tested (Fig. 1A, rIL-2 protein � HSV-1) but
was not observed in mice treated with murine IL-2 in the absence
of ocular infection (Fig. 1A, rIL-2 protein) or in mice infected with
HSV-1 alone (Fig. 1A, HSV-1). Similar results were obtained
when this series of experiments was repeated using the avirulent
HSV-1 strain KOS (data not shown).

In contrast, when microosmotic pumps were implanted sub-
cutaneously in the side of the mice, 2/7 (28%) mice showed de-
myelination in their brain, 4/7 (57%) mice showed demyelination
in their spinal cord, and none of the mice showed demyelination
in their optic nerves following infection with wt HSV-1 strain
McKrae (Fig. 1B and Table 1). Previously, it was shown that rIL-
2/IL-2 monoclonal antibody (MAb) complexes increase the bio-

FIG 2 CNS demyelination in mice injected with IL-2 DNA and ocularly in-
fected with wt HSV-1. The complete ORF of IL-2 or IL-4 was cloned into the
VR-1055 vector as we described previously (22). Female BALB/c mice were
injected 3 times with 100 �g of IL-2 or IL-4 DNA. Seven days after the 3rd
immunization, mice were ocularly infected with 2 � 105 PFU/eye of HSV-1
strain KOS. Mice were sacrificed at 14 days after ocular infection, and CNS
tissues were harvested and stained with LFB, as described in the legend to Fig.
1. Arrows, areas of demyelination.

FIG 3 CNS demyelination in mice injected with different forms of IL-2 DNA.
(A) Schematic representation of the IL-2 constructs used for DNA injection.
Full-length IL-2 is shown at the top. IL-2A and IL-2B, the 1st and 2nd halves of
full-length IL-2, respectively; IL-2A1, the 1st half of IL-2A; IL-2A2, the 2nd half
of IL-2A. All constructs have an ATG and a termination codon (TAA) and were
inserted into pVR-1055, as described in the legend to Fig. 2. (B) Demyelination
in injected mice. Female C57BL/6 mice were injected 3 times with 100 �g of
each construct. Seven days after the 3rd immunization, mice were ocularly
infected with 2 � 105 PFU/eye of HSV-1 strain McKrae. Mice were sacrificed at
14 days p.i., and CNS tissues were harvested and stained with LFB, as described
in the legend to Fig. 1. Arrows, areas of demyelination.
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logical activity of preexisting rIL-2 (25). As the half-life of rIL-2 in
the circulation is short, we compared the delivery of rIL-2 protein
alone to the delivery of rIL-2 protein plus anti-IL-2 MAb (clone
S4B6-1), which has been reported to increase the IL-2 half-life
(25). However, we observed no differences in the severity or
duration of demyelination between the two groups (not
shown). As we did not observe any differences between mice
injected with rIL-2 protein alone and mice injected with rIL-2
protein and anti-IL-2 MAb, all of the subsequent experiments
described in this study used only rIL-2 protein without incu-
bating it with anti-IL-2 MAb.

Injection of mice with IL-2 DNA induces CNS demyelination
following ocular HSV-1 infection. It has been shown previously
that DNA vaccine-encoded immunogens can elicit an immune
response (26, 27). To test our hypothesis, we injected IL-2 DNA
i.m. into female BALB/c mice to determine if this might induce
demyelination following ocular infection with wt HSV-1. Injec-
tions were done at 21, 14, and 7 days before ocular infection with
avirulent HSV-1 strain KOS. As a negative control, some mice
were similarly injected with IL-4 DNA or vector DNA. Demyeli-
nation in the CNS of infected mice was measured on day 14 p.i.
Demyelination was observed in the CNS of BALB/c mice injected
with IL-2 DNA (Fig. 2, top). However, mice injected with IL-4
DNA did not display any CNS demyelination (Fig. 2, bottom).
Similar results were obtained when C57BL/6 mice were injected
with IL-2 DNA and ocularly infected with HSV-1 strain McKrae
or when mice were injected once rather than three times with IL-2
DNA (data not shown). Thus, our results suggest that IL-2 DNA
also can induce demyelination in the CNS of infected mice.

To determine if a specific region of IL-2 rather than the full
length of IL-2 is required for CNS demyelination, we initially
made two IL-2 DNA constructs representing aa 1 to 84 and aa 85
to 169 of IL-2 DNA (Fig. 3). BALB/c mice were injected with each
DNA fragment 3 times as described above and subsequently ocu-
larly infected with HSV-1, and demyelination was monitored on
day 14 p.i. Mice injected with IL-2A DNA (aa 1 to 84) developed
CNS demyelination, whereas mice injected with IL-2B DNA (aa
85 to 169) did not develop demyelination (Fig. 3). As shown in Fig.

3, to further more finely map the demyelination region within the
IL-2A DNA fragment, we made two additional fragments corre-
sponding to aa 1 to 42 of IL-2A (called IL-2A1) and aa 43 to 84 of
IL-2A (called IL-2A2). When mice were injected with either the
IL-2A1 or IL-2A2 DNA fragment and ocularly infected with wt
HSV-1 strain McKrae, demyelination was detected in the mice
injected with the IL-2A1 fragment but not those injected with the
IL-2A2 fragment (Fig. 3). Thus, our results suggest that the region
of IL-2 that is involved in CNS demyelination resides within aa 1
to 42 of IL-2 and that full-length IL-2 is not required to induce
CNS demyelination. Similar to our results with the IL-2A frag-
ment, it was previously shown that this region of IL-2 is essential
for its biological activity (28).

Fine mapping of the region of IL-2 that causes CNS pathol-
ogy using IL-2 synthetic peptides. The results presented above
suggest that the rIL-2 protein and IL-2 DNA can cause CNS pa-
thology in ocularly infected mice. Our DNA mapping results also
suggested that full-length IL-2 is not required for CNS pathology.
To further finely map whether a specific region of IL-2 is required
for CNS pathology, we synthesized 32 peptides that cover the en-
tire IL-2 sequence and overlapped by 10 aa. Mice were given 2
subcutaneous injections of each peptide or a mixture of peptides
that was either coupled to keyhole limpet hemocyanin (KLH;
Pierce Chemical) or left uncoupled. Full-length rIL-2 protein was

TABLE 2 Fine mapping of demyelination region of IL-2 using synthetic
peptidesa

Peptide injectedb

Demyelination

Brain SC ON

Full-length IL-2 protein Yes Yes Yes
Peptides 1–10 Yes Yes Yes
Peptides 11–21 No No No
Peptides 22–32 No No No
Peptide 1 (MYSMQLASCVTLTLV) No No No
Peptide 2 (LASCVTLTLVLLVNS) No No No
Peptide 3 (TLTLVLLVNSAPTSS) No No No
Peptide 4 (LLVNSAPTSSSTSSS) Yes Yes Yes
Peptide 5 (APTSSSTSSSTAEAQ) Yes Yes Yes
Peptide 6 (STSSSTAEAQQQQQQ) Yes Yes Yes
Peptide 7 (TAEAQQQQQQQQQQQ) No No No
Peptide 8 (QQQQQQQQQQQHLEQ) No No No
Peptides 7–32 No No No
a C57BL/6 mice were injected with 10 �g of each peptide at 7 days and 4 h before ocular
infection with HSV-1 strain McKrae. The first injection included CFA, and the second
injection included IFA. Demyelination was assessed at 14 days p.i.
b Boldface amino acids indicate areas of overlap between the peptides.

FIG 4 Injection of mice with IL-2 synthetic peptides. C57BL/6 mice were
injected with 10 �g of rIL-2 protein or peptide 3, 4, 5, 6, or 7 at 7 days and 4 h
before ocular infection with HSV-1 strain McKrae. The first injection included
CFA, and the second injection included IFA. Demyelination in CNS tissues of
infected mice was assessed at 14 days p.i. Arrows, areas of demyelination.
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used as a positive control. The first injection was in CFA, while the
second injection was in IFA. Demyelination was determined at 14
days p.i. with HSV-1 strain McKrae. As summarized in Table 2
(corresponding photomicrographs are presented in Fig. 4), in-
fected mice that received peptides which contained the STSSS se-
quence (aa 26 to 30) developed demyelination of the optic nerve,
spinal cord, and brain, while other regions of IL-2 did not induce
demyelination. We did not detect any differences in the level of
demyelination between mice injected with peptides coupled to
KLH and mice injected with peptides that were not coupled to
KLH (data not shown).

The mapping results described in Table 2 were consistent with
those obtained using aa 1 to 42 of IL-2 DNA (Fig. 3A). Therefore,
on the basis of the results obtained with the synthetic peptides and
DNA fragments described in Table 2 and Fig. 3, the region of IL-2
corresponding to aa 26 to 30 was subjected to site-specific mu-
tagenesis, producing two constructs: one with a mutation at aa 27
(T27A) and another with three mutations at aa 26, 28, and 30
(S26G, S28G, S30G) (Fig. 5). When mice were injected with these

two DNA constructs and infected with wt HSV-1, mice that were
injected with IL-2 T27A DNA showed no sign of demyelination
(Fig. 5, one mutation), while mice that were injected with the IL-2
DNA construct with three mutations in aa 26, 28, and 30 showed
demyelination in their CNS (Fig. 5, three mutations). Thus, our
results suggest that a single mutation in aa 27 of IL-2 blocked CNS
demyelination in infected mice.

Quantitation of demyelination severity in infected mice. We
observed that the severity of the HSV–IL-2-induced demyelina-
tion appeared to be the same as that in mice that received rIL-2
protein by a pump, full-length IL-2 DNA, DNA fragments corre-
sponding to the CNS demyelination region of IL-2 DNA, full-
length rIL-2 protein, or IL-2 synthetic peptides containing the
STSSS sequence. To determine if the number of plaques and the
size of plaques were different between these different groups, we
counted the number and size of the plaques observed in the brains,
spinal cords, and optic nerves of infected mice. The data are shown
as the number of plaques and the area of demyelination per total
stained section from Fig. 1 to 5. The number of plaques for mice

FIG 5 (Top) Fine mapping of the region of IL-2 involved in CNS demyelination. Full-length IL-2 DNA is shown on the top map. One mutation, a single
mutation (T27A); three mutations, a construct with mutations in aa 26, 28, and 30 (S to G). All constructs had an ATG and a termination codon (TAA) and were
inserted into pVR-1055. Female C57BL/6 mice were injected 3 times with 100 �g of each construct. At 7 days after the 3rd immunization, mice were ocularly
infected with 2 � 105 PFU/eye of HSV-1 strain McKrae. Mice were sacrificed at 14 days p.i., and CNS tissues were harvested and stained with LFB (bottom), as
described in the legend to Fig. 1. Arrows, areas of demyelination.
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FIG 6 Severity of CNS demyelination following injection with different forms of IL-2 and infection with WT HSV-1 or control HSV–IL-2. The brains, spinal
cords, and optic nerves of 5 mice in each treatment group for which the results are presented in Fig. 1 to 5 were sectioned, 30 sections per mouse per tissue were
stained, and the size and the number of the demyelination plaques in the entire sections of the brains, spinal cords, and optic nerves were determined, as described
in Materials and Methods. Data are presented as the number of plaques per section or the demyelination area in each section per the total number of sections
stained using a total of 150 sections from 5 mice per group. (A) Numbers of plaques per brain section; (B) sizes of plaques per brain section; (C) numbers of
plaques per spinal cord section; (D) sizes of plaques per spinal cord section; (E) numbers of plaques per optic nerve section; (F) sizes of plaques per optic nerve
section.
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that were injected with full-length rIL-2 protein was higher than
that for mice in the other groups (Fig. 6A, C, and E). We also
quantitated the area of demyelination (the size of the observed
plaques) in mice whose results are presented in Fig. 1 to 5. Mice
injected with different forms of IL-2 also had similar areas of de-
myelination (Fig. 6B, D, and F). Thus, our results suggest that,
similar to HSV–IL-2, injection of mice with different forms of IL-2
induces a similar level of demyelination in ocularly infected mice.

DISCUSSION

Demyelinating diseases represent a spectrum of immune reac-
tions in which, myelin, the fatty covering of nerve cell fibers in the
brain, optic nerve, and spinal cord, is destroyed (29). Destruction
of the myelin sheath has been associated with a number of diseases
(30, 31), with multiple sclerosis (MS) being the most common
condition of CNS inflammatory demyelination. The World
Health Organization (WHO) estimates that over 2.5 million peo-
ple globally suffer from MS, and according to the National Mul-
tiple Sclerosis Society, approximately 400,000 Americans have
MS. The total economic impact of MS in the United States is
estimated to be more than $28 billion per year. The available ther-
apies, however, are not effective in all patients with MS. Thus, the
development of new therapeutic and/or prophylactic drugs to
control MS is critical. The cause of MS remains elusive. One hy-
pothesis is that autoimmunity to antigens of the CNS is triggered
by environmental factors, such as viral infection in genetically
susceptible individuals, leading to destruction of the myelin (29,
32, 33).

Several lines of evidence suggest that IL-2 may be involved in
CNS demyelination in MS (1–10). The presence of IL-2 is also
associated with the disease state in experimental autoimmune en-
cephalitis (EAE) (34–36) and following ocular infection of mice
with HSV-1 (37–41). These observations suggest that, if IL-2 is
involved, it alone may not be sufficient to initiate the observed
pathology. Although evidence has accumulated that infectious
agents, particularly viral agents, may be involved (42, 43); this,
however, remains controversial (44–46). Previously, to show the
involvement of higher levels of IL-2 in combination with viral
infection in CNS demyelination, we constructed a recombinant
HSV-1 strain constitutively expressing mIL-2, referred to as HSV–
IL-2 (13). We have shown that infection of different strains of
mice with the HSV–IL-2 recombinant resulted in CNS demyeli-
nation (17, 18). We have also found that infection of mice with a
recombinant HSV-1 expressing IL-12p70 or injection of mice
with IL-12p70 DNA blocks the CNS demyelination induced by the
HSV–IL-2 recombinant (19, 20).

The HSV–IL-2 recombinant that we constructed and that we
have shown induces CNS demyelination in ocularly infected mice
is not a naturally occurring virus. Thus, the results obtained with
the HSV–IL-2 recombinant may not directly support the hypoth-
esis that elevated IL-2 levels in conjunction with viral infection
contribute to CNS demyelination. Consequently, to rule out this
possible ambiguity, we directly tested the potential role of eleva-
tion of IL-2 following infection with wild-type HSV-1 rather than
infection with a recombinant HSV-1 strain expressing IL-2 (HSV–
IL-2) in CNS demyelination. Evidence for the involvement of
elevation of IL-2 in demyelination was observed using wt HSV-1
rather than HSV–IL-2. Demyelination was detected in the CNS of
mice that received IL-2 by using rIL-2 protein, IL-2 DNA, or IL-2
peptides. Similar to our findings in our previous study (18), we

detected CNS demyelination in BALB/c and C57BL/6 mouse
strains. In addition, CNS demyelination was detected in both
strains of mice infected with virulent wt HSV-1 strain McKrae and
avirulent wt HSV-1 strain KOS. Overall, the degree of demyelina-
tion in brain, spinal cord, and optic nerve of infected mice was
similar following injection of mice with IL-2 protein, IL-2 DNA,
or IL-2 peptides. Moreover, this demyelination was similar to that
in HSV–IL-2-infected mice (17–20).

The CNS pathology detected here is consistent with the pub-
lished data concerning histologic analyses of specimens obtained
from patients with MS at autopsy (47, 48), demyelination induced
by mouse hepatitis virus (MHV) (49), and the EAE model of MS
(47, 50). Analyses of the mechanisms by which the combination of
the enhanced levels of IL-2 and viral infection elicits CNS demy-
elination suggest the possible role of IL-2 and viral infection in
CNS pathology. Furthermore, our results suggest that full-length
IL-2 is not required to induce CNS demyelination. In addition, the
region of IL-2 that is involved in CNS demyelination resides
within aa 26 to 30 of IL-2, and a single mutation (T27A) blocks
HSV-1-induced CNS demyelination. These results have broad
implications in terms of understanding the mechanisms by which
elevated IL-2, which is common in autoimmune patients, can in-
teract with environmental factors (in this case, HSV-1) to pro-
mote autoimmunity. They also suggest that selective targeting of
IL-2 function may lay the basis for the development of therapies to
rapidly control CNS demyelination in some patients.
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